Introduction
For thousands of years, birds have taken advantage of the aerodynamic benefits obtained by flying in formation. The traditional "V" formation--flown by many species of birds, including gulls, pelicans, and geese--allows each of the following birds to fly in the wingtip vortex-induced upwash flow field that exists just to the side of the bird immediately ahead in the formation. The result for the individual birds is a lower induced drag, allowing for a reduction in the energy required to maintain a given speed. A recent study 1 reported energy savings between 11 and 14 percent for pelicans flying in formation, based on a reduction in heart rate. This power reduction applies to each of the birds aft of the leader. For migratory birds, formation flight extends the range of the formation birds beyond the range of solo birds. System studies have shown that a 10-percent drag reduction for a commercial airliner conducting a daily Los Angeles-to-New York roundtrip results in reduced fuel usage in excess of $500,000 for each airplane each year, as well as emission reductions of carbon dioxide and oxides of nitrogen of 10 percent and 15 percent, respectively.
One byproduct of flying in the vicinity of the highly nonlinear wingtip vortex is the torque imparted on the trailing airplane. As figure 1 shows, when positioned in "V" formation on the right side--where the trailing airplane wingtip is near the leading airplane wingtip vortex--the trailing airplane left wingtip is receiving most of the vortex-induced upwash. This upwash produces greater lift on the left wing, which tends to roll the trailing airplane away from the leading one. This rolling moment must be counteracted by the pilot or station-keeping autopilot to maintain the formation.
X Z 020220
Figure 1. Formation axes system.
As the trailing airplane moves further left, the downwash side of the vortex from the leading airplane begins to affect the left wing while the upwash side influences the fuselage and right wing. The influence of the downwash starts to reduce the magnitude of the rolling moment to the right. Eventually, the resulting rolling moment on the trailing airplane has the opposite sign of and a larger magnitude than the rolling moment of only one wingtip aligned with the leading airplane wingtip vortex.
In fact, the vortex flow field induces changes to all of the forces and moments on the trailing airplane, as shown in subsequent plots. Pitching moment changes can be positive or negative, depending on airplane position withinthevortex flowfield. Because thepeak rollingmoment occurs attheposition ofoptimum drag reduction (13-percent wingoverlap2), thetrim drag must betaken intoaccount. Inaddition tothebenefits forthetrailing airplane, theleading airplane experiences nonegative effects asaresult offormation flight.
Thehighlynonlinear vortex flowfieldsignificantly increases thepilotworkload andreduces theabilityof thepilottoprecisely maintain theoptimum position for maximum dragreduction. Therefore, anyrealistic long-duration useof precise formation flightrequires theuseof a station-keeping autopilot. Theautopilot must beable totrack acommanded relative position or trajectory in the presence of gustdisturbances and unsteady vortex effects. The design ofaformation flight autopilot mustbe sensitive to thehighlynonlinear, position-dependent vortex flowfield;andrequires an accuratemathematical model of the induced aerodynamic effects asa function ofrelative position and flight condition.
In support oftheAFFautopilot design, a flighttest program has been conducted tomap theformation flight effects on two F/A-18aircraft at four nose-to-tail separation distances andtwoflightconditions. Forces and momentshave been calculatedduring pilot-in-the-loop, constant relative-position test points andcompared withdatameasured outside thevortex influence. Adatabase model ofthe rolling, pitching, and yawing moments andthesideforce increments caused bythevortex has been assembled. Thisdatabase will be used--along with similarmodels for the lift and drag--to validate vortex-effect prediction codes, refine the formation flight autopilot design, andconduct accurate formation flight simulation studies.
Experiment Description
To acquire a complete map of the vortex effects on the trailing airplane, stable flight test points were defined over a "grid" in the lateral-vertical (Y-Z) plane The longitudinal positions were also referenced to b, and were selected to match previously published experimental studies. 3 When the location for optimum drag reduction was identified, a finer resolution of mapping was used in that area. Because the pilots had no indication in the cockpit of longitudinal position, the nose-to-tail distance was monitored in the control room and maintained by the pilot through radio calls. This monitoring was done to maintain both safety of flight and data quality.
The longitudinal positions were set at 2.0 b, 3.0 b, 4.0b, and 6.5 b (measured nose to nose); or approximately 20-, 55-, 110-, and 190-ft nose to tail, respectively. Because of the origin of the formation axes system (at the nose of the leading airplane), the g and Z positions were positive out the right wing and down, respectively. A g position of 0.25 b wingtip separation corresponds to approximately 10 ft between wings, whereas a g position of -0.25 b wingtip separation corresponds to approximately 10 ft of wingtip overlap.
The Z position was also nondimensionalized by b, and although the formation axes system dictates that Z is positive down, the vertical positions within the test matrix are referred to as positive when the trailing airplane is above the leading airplane.
As previously described, the vortex effects from this series of flight tests were also to be used to validate preexisting data from vortex-effect prediction codes. 4
To allow direct comparisons with existing analytic data acquired at a flight condition of Mach 0.56 and an altitude of 25,000 ft, extensive flight data were acquired at the same subsonic condition. Because one possible future application of AFF is for transport aircraft, flight data were also acquired at a transonic condition of Mach 0.86 and an altitude of 36,000 ft, which is representative for that class of vehicle. Note that each flight condition has a different flap setting that altered the lift distribution of the wing, and therefore the properties of the vortex. 
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Because a reliable sideslip parameter was not available on the trailing airplane, the 13 was estimated as the difference in heading angle, g_, between the two aircraft. The estimated 13 was calculated as follows:
The necessary parameters were input into the F/A-18 aerodynamic database to get the resulting Cl, Cm, Cn,
and Cy for the free-flight model.
Vortex Calculations
The flight-measured vortex model was calculated using the following closed-form equations: 6' 7
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n where n is the number of data points. 
Incremental Side Force
The vortex had a greater effect on the side force increment at ll0-ft ( fig. 12) 
Incremental
Rolling Moment
The rolling moment increment trends at the transonic condition have the same shape as those at the subsonic condition for 55-ft nose-to-tail separation, but the peak values for the level and -0.13 b vertical positions are slightly smaller ( fig. 13 ). With significant wing overlap, the rolling moment increments at the transonic conditions were less transient than at the subsonic condition.
Overall, the vortex effects on the incremental rolling moment were weaker at the transonic condition.
Incremental Yawing Moment
The trends of the incremental yawing moment at the transonic condition and 55-ft nose-to-tall separation are significantly more uniform than those at the subsonic condition ( fig. 14) . Of note are the -0. 
Concluding

Remarks
In-flight measurements of the side force and moment on a trailing F/A-18 airplane induced by the wingtip vortex of a leading F/A-18 airplane were obtained.
These flight tests demonstrated that nearly all vortex-induced effects are easily compensable by the pilot. The vortex mapping completed in this series of flight tests showed that the incremental side force and moments have multiple peaks, and the sensitivity to position in the formation changes with flight condition and nose-to-tall distance.
The vortex-induced incremental side force and moments first peaked at a lateral position of 13-percent wing overlap and vertical positions of level and 13-percent below the leading airplane. These peak vortex effects were coincident with the position for maximum drag reduction, and the incremental force and moments were more sensitive to formation position further inboard of these peaks.
The flight data suggest the vortex effects with increased longitudinal distance were weaker in pitch and roll, but stronger in yaw and side force. At 55-ft nose-to-tail separation, vortex effects at transonic conditions were weaker than those encountered at subsonic conditions. At transonic conditions and 110-ft nose-to-tail separation, vortex effects were weaker in pitch and roll but stronger in yaw and side force compared with the effects at subsonic conditions.
Although the vortex effects on the trailing airplane were found to peak in the area of maximum drag reduction, these effects were well within the capability of the pilot; and therefore, the aerodynamic effects did not appear to jeopardize the success of a formation flight controller design for this type of aircraft.
The fact that moment peaks corresponded with the areas of maximum drag reduction poses obvious issues for an autonomous flight control system. The control system must be robust enough to handle the sensitive moment changes that occur in the area of 13-percent wingtip overlap and 13-percent below the leading airplane. The system must also be precise enough to maintain position to the degree that all fuel savings are not lost to position maintenance, trim drag, and constant throttle changes. 
